Continued progress in terahertz (THz) research has emphasized the need for both improved THz sources and detectors. One approach to generate a narrowband THz radiation is to use metamaterial absorbers as thermal emitters. We present metamaterial based THz emitters consisting of a 100 nm aluminum layer patterned into squares separated from a ground plane of aluminum by a thin layer of silicon oxide (<2 μm) fabricated using standard microfabrication techniques. These metamaterials were designed to emit in one, two, and three different bands of the 4-8 THz range and demonstrate clearly definable separate peaks with bandwidths of approximately 1 THz. Modifying the multiple band configurations can produce relatively broad emission peak if desired. Single band emitters designed for 4.1, 5.4, and 7.8 THz were observed to emit, respectively, 11, 18, and 36 W/m 2 at 400 °C in accordance with Kirchhoff's law of thermal radiation. Coating a 4-inch wafer with these materials and heating it to 400 °C would produce an estimated 86, 145, and 280 mW of power, respectively. Additionally, emitted power increased linearly with temperature, as expected from the Planck's radiation law in the THz spectral region at elevated temperatures. Emissivity of the metamaterial did not change significantly when heated, indicating that the constituent materials did not significantly change their optical or geometric properties.
INTRODUCTION
Terahertz (THz) imaging technology has progressed rapidly in recent years. Applications of THz imaging in the 1-10 THz range include medical 1 and security 2, 3 screening due to the ability of THz to penetrate many materials without damaging them while imaging metals and water content very effectively [1] [2] [3] [4] [5] . Uncooled imaging systems generally require an external source due to the small amount of background thermal energy in this spectral region. The low photon energy of 1-10 THz radiation (4-40 meV) makes optical methods of detection and generation difficult, often involving complex device architectures and very low temperatures 6 . Unfortunately, the photon energy is also too high for electronic generation techniques suitable for microwaves. Several technologies exist 7 , the most promising approaches to generating THz radiation include quantum cascade lasers (QCLs) [8] [9] [10] and free electron lasers (FELs) 11 . However, these approaches either require expensive infrastructure (FELs) or cryogenic temperatures in the case of QCLs. Room temperature technologies such as resonant tunneling diodes are not yet able to generate power levels beyond the microwatt range. While the thermal emission of THz at room temperature is quite low, a heated object could produce increasing amount. If a metamaterial layer is added to the surface of such an object, the emission can be tailored to a specific frequency of THz. In this paper, generation of narrowband (~1 THz) THz emission using metamaterial structures is described.
DESIGN AND FABRIACTION

Design and Modeling
The metamaterial geometry for this study consists of a continuous layer of Al separated from a periodic array of Al squares by a SiO 2 dielectric spacer. The Al layers are approximately 90 nm thick; this is larger than the skin depth of THz in aluminum (~80 nm at 4 THz using conductivity of 10 7 S/m). The dielectric spacer is 1.6 µm thick, less than one tenth the wavelength of 4-8 THz in SiO 2 (~19-38 µm). Structural parameters, especially square size and
dielectric spacer thickness, can be used to control the emission frequency and magnitude, respectively. To aid in the design of these emitters, 3D finite element modeling was performed using COMSOL multiphysics software. The periodic nature of the metamaterial layers allows for modeling to be performed on a single unit cell with periodic boundary conditions 12 . The metamaterial unit cell is shown in Fig. 1(a) . Kirchhoff's law states that absorption properties must be the same as emission; therefore, determining absorptivity of the layers is sufficient 13 . The absorbed power can be determined through integration of the zero order reflected and transmitted power as higher order scattering effects are negligible due to the subwavelength features considered. Additionally, transmitted power is negligible due to the thickness of the Al ground plane, so in practice only reflected power is required.
Integrating resistive losses in the metamaterial is also a useful method of determining the emission properties of the metamaterial layer. The Al conductivity was determined to be 1 X 10 7 S/m. The real part of index of refraction of SiO 2 was taken to be 2 from 15, 16 . The extinction coefficient, in comparison, has stronger frequency dependence at THz frequencies and was estimated from 17 to vary from 0.025 at 4 THz to 0.08 at 8 THz.
Fabrication
Standard MEMS materials and microfabrication techniques were used to construct these metamaterial layers 14 . First, Al ground planes were deposited using e-beam evaporation. Following this, SiO 2 was deposited using plasmaenhanced chemical vapor deposition (PECVD). A second layer of Al was then deposited using e-beam evaporation. Finally, the top layer of Al was patterned and sputter etched with Ar plasma. Al thickness was determined using a stylus profilometer and a four-point probe determined conductivity. An optical interferometer was used to measure the thickness of the SiO 2 layer. 
EXPERIMENTAL RESULTS
Absorption measurements
Prior to measuring the emission properties of the metamaterial layers, the absorption characteristics were determined using a Nexus 8700 Fourier transform infrared spectrometer (FTIR) 12 . As transmittance is negligible due to the thickness of the Al, absorptance (A) can simply be estimated using reflectance alone as 1-R. Figure 2(a) shows the measured absorption spectra of the samples. The peak absorption frequency is found to be proportional to the inverse of the square size (1/s) as shown in Fig. 2(b) . As the absorption is due to localized electromagnetic resonances, it is not surprising that the lowest order resonance frequency is related to the inverse of the square size. The exact explanation behind this absorption mechanism is still under debate and various models have been proposed such as impedance matching to free space 19 , an equivalent RLC circuit 20 , confined TM cavity modes 21 , interference of multiple reflections 22 , and transmission lines 23 . The lower frequency absorbers in this study reach nearly 100% absorption, but samples D and E (11 and 9 µm squares) reach 94% and 85% absorption, respectively. This is not entirely surprising, as the metamaterial parameters were optimized for configuration A. However, all of these models, as well as our numerical models, suggest it is possible to improve the absorption in Fig. 2 to 100% by slightly altering the thickness of the dielectric spacer and the periodicity of the metamaterial squares 12 . 
Emission measurements
The same Nexus 8700 FTIR was used to measure the emission characteristics of the metamaterial layers, albeit using a slightly different configuration. A gold-plated 90⁰ f/1 off axis parabolic mirror with a focal length of 50 mm was used to collimate the sample emissions and direct them to the external port of the FTIR. A hot plate covered with front-side coated Al mirrors was used to heat the samples. The Al-coated mirrors have a low emissivity (~0.02) and thus shielded the FTIR from unwanted emissions from uncovered sections of the hot plate. For a reference emitter, a silicon wafer coated with black carbon was used to approximate a blackbody (BB). Emissivity spectra were calculated by dividing the sample emission by the black carbon emission at the same temperature. Figure 3 shows the emission measurements of samples A-E when heated to 400 ⁰C, as well as the blackbody (BB) curve. Emittance is given in arbitrary units (a. u.) as the measurements are performed using standard Fourier transform spectroscopy where the detector is not calibrated. Frequency (THz) Figure 3 . Emission measurements of samples A-E (17, 15, 13, 11, 9 μm squares, respectively) at 400 ⁰C. Blackbody curve at 400 ⁰C provided for reference.
DISCUSSION
Single band emitters
Kirchoff's law suggests that the narrowband absorption of Fig. 2(a) should be complimented by narrowband thermal emission 13 . Indeed, it is clear from Fig. 3 that the emitters do obey this law. Samples A-C approach, but not exceed the BB curve while samples D and E are emit significantly more THz, but has slightly lower emissivity as the other samples. To calculate the total power emitted in each THz band per unit area (P), Plank's blackbody radiation formula can be integrated with the frequency dependent emissivity ( ( ) ν ε ):
where h is Plank's constant, k is Boltzmann's constant, and c is the speed of light in a vacuum. Using Eq. 1 for samples A, C, and E, the estimated emitted THz power per unit area at 400 ⁰C is 11, 18 and 36 W/m 2 , respectively.
Therefore, a 4-inch wafer coated with these materials could produce an estimated 86, 145, and 280 mW of power, respectively, at 400 ⁰C. In comparison, high power QCLs in the THz band produce about 5-10 mW average power 8, 9 , albeit from a much smaller area.
While it is apparent that Kirchhoff's law holds for these metamaterial layers, the temperature dependence of the emission is also important. Figure 4 shows sample A heated to 140, 280, and 400 ⁰C. The peak emission frequency does not deviate appreciably from 4.2 THz, demonstrating that thermal expansion of the squares is negligible over these temperatures. In the Raleigh-Jeans 24 limit ( kT h < ν ), Plank's law can be approximated by:
This results in a clear linear relationship between temperature and emitted power. Figure 4 does appear to show this linear relationship. As the photon energy of THz is very small to begin with (4-40 meV), this limit will almost Jenny (THZ) (a) 7 8 Jency (THz) Although a single peak may be desired for many applications, multiple absorption peaks or an extended absorption peak may also be useful. To accomplish this, samples F and G make use of more than one square size in their geometry. As Fig. 6(a) shows, sample F has two clear emission peaks due to the two different square sizes in the geometry, 10 and 18 μm. Measured absorption in Fig. 6(b) for sample G, however, has 11, 14, and 17 μm squares in its configuration resulting in 3 distinct peaks. The dielectric spacer remains at the thickness of 1.6 μm for these emitters. It is clear that the peaks do not all share the same emissivity. This is due to the differing concentrations of each square on the surface in addition to coupling effects between squares of different sizes. Regardless, high emissivity is achieved for both samples at 400 ⁰C, indicating that the reasoning applied to single band metamaterial emitters also applies in this case. Using FE simulations, one could thus create a metamaterial configuration to design and fabricate a surface with a custom THz emission signature. 
CONCLUSION
We have shown that metamaterial layers can serve as selective THz emitters following Kirchhoff's law. The FE simulations, absorptivity measurements, and emissivity measurements all agree, as expected. The emitted power of the metamaterials depends linearly on the temperature, as expected from the approximation of Plank's law at the Rayleigh-Jeans limit. The spectral characteristics do not change significantly, indicating that the thermal expansion of the metamaterials has a negligible impact in this range. FE simulations can thus be used to design metamaterials with the desired emission profile, not necessarily limited to a single band. These metamaterial layers can then be constructed using standard, well understood MEMS fabrication processes. Metamaterial emitters are therefore an attractive option for those that seek inexpensive narrowband or specifically tailored THz sources.
